Abstract This study reports the chemical modification of the Byrsonima crassifolia biomass with citric acid to improve its sorption properties for the removal of cadmium and nickel ions from aqueous solutions under competitive sorption conditions (i.e., multicomponent solutions). The best operating conditions of the chemical modification process were identified using the signal-to-noise ratio to enhance the metal uptakes and to reduce the competitive sorption effects during the simultaneous removal of these metals using the modified biomass. Results indicated that both the sorption capacity and selectivity for heavy metal removal can be improved in multicomponent metal solutions. This improvement in sorption properties of B. crassifolia biomass is mainly related to an increment of the acidic functional groups on the biomass surface caused by the chemical reaction between citric acid and this lignocellulosic material. The methodology reported in this study can be used to increase the sorption properties of other biomasses for the effective removal of toxic pollutants from multicomponent solutions and for the synthesis of sorbents with tailored sorption properties.
Introduction
Over last years, the use of agroindustrial and crops wastes in the synthesis of value-added products for industrial applications has considerably increased (Ngah and Hanafiah 2008; Saka et al. 2012 ). In particular, literature indicates that these biomasses are attractive for water pollution control caused by organic and inorganic compounds because they are low-cost, ecofriendly, renewable and abundantly available (Sud et al. 2008; Sajab et al. 2011; Sidiras et al. 2013) . These raw materials may show natural uptake properties for the removal of a great variety of toxic pollutants from water (Ngah and Hanafiah 2008) . However, the sorption capacities of the raw biomasses are generally lower, sometimes in several orders of magnitude, than those reported for synthetic sorbents (Gong et al. 2008; Ngah and Hanafiah 2008) . Therefore, different pretreatment methods have been used and tested to improve the sorption properties of raw biomasses, thus enhancing their exploitation and utilization in environmental applications. These procedures mainly include chemical treatments with organic compounds, oxidizing agents, bases, organic and mineral acids (Ngah and Hanafiah 2008) . Specifically, the chemical reagents commonly used to enhance pollutant-binding capacities of sorbents are calcium hydroxide, sodium carbonate, sodium hydroxide, nitric acid, hydrochloric acid, sulfuric acid, tartaric acid, citric acid, formaldehyde, methanol and hydrogen peroxide. The proper conditions for the chemical treatment should be identified for effectively improving the pollutantbinding properties of the biomass. If a proper chemical modification protocol is used, the removal performance of these sorbents may increase up to one order of magnitude (Leyva-Ramos et al. 2005) .
In particular, the surface chemistry modification has been recognized as a suitable approach to improving the sorption properties of agroindustrial by-products and wastes for the removal of heavy metals and other priority pollutants from water (Wing 1996; Vaughan et al. 2001; Reddad et al. 2002; Leyva-Ramos et al. 2005; Tan et al. 2010; Sajab et al. 2011; Altun and Pehlivan 2012; LeyvaRamos et al. 2012) . Reactions between lignocellulosic biomasses and acids have been used to create alternative materials with satisfactory metal ion binding properties (Vaughan et al. 2001) . Specifically, the chemical modification using citric acid offers more advantages to react with lignocellulosic materials than other modification agents because it improves the sorption properties and also increases the mechanical strength of the biomass due to the cross-linking (Altun and Pehlivan 2012) . In particular, the citric acid may increase the acidic groups on the biomass surface, and, consequently, the capacity of the treated material to bind metallic ions is enhanced because these functional groups play an important role during the removal of these pollutants.
To date, different chemically modified biomasses have been reported for wastewater treatment (Ngah and Hanafiah 2008) . For example, Vaughan et al. (2001) reported the modification of corncobs using citric acid and phosphoric acid for increasing its sorption capacity for the removal of cadmium, lead, zinc, copper and nickel in mono-and binary metallic solutions. Leyva-Ramos et al. (2005) studied the oxidation of corncob with both citric and nitric acids for cadmium removal from aqueous solution. In other studies, Gong et al. (2008) reported the treatment of rice straw using oxalic acid for dye removal, while orange peel biomass treated with different alkaline and acid solutions has been used for the removal of heavy metals from aqueous solution (Lu et al. 2009 ). Recently, Sajab et al. (2011) reported the chemical treatment of kenaf core fibers using citric acid for the removal of methylene blue from aqueous solution. Finally, Leyva-Ramos et al. (2012) performed a detailed analysis of the chemical treatment of corncob biomass using citric acid for cadmium sorption.
Herein, it is convenient to remark that several variables are involved in the chemical modification of biomass surface, which are the acid concentration, the reaction time, the temperature of the thermal treatment and the ratio of acid solution/biomass (Wing 1996) . These operating conditions must be optimized to improve the removal performance of the treated material. Even though previous studies have shown the potential application of the chemical modification processes to increase the sorption properties of lignocellulosic materials, a limited attention has been paid to the use of these processes for enhancing the removal performance in multicomponent solutions (i.e., under competitive removal conditions). The study and analysis of multicomponent removal process are relevant for real-life environmental applications because wastewaters are usually constituted by different pollutants. In particular, the presence of several metallic ions in the same solution significantly decreases the removal efficacy of almost all sorbents tested in the literature (e.g., Srivastava et al. 2009; Reynel-Avila et al. 2011 ). This type of solutions (i.e., metal ? metal) shows antagonistic removal effects (i.e., there is a competition of metal ions for the binding sites of the sorbent), and, consequently, the removal performance of biomasses under competitive conditions decreased drastically in comparison with the results obtained with mono-metallic solutions. Until now, there are no attempts to identify the best conditions of the chemical treatment for improving sorption properties of lignocellulosic biomasses using multi-metallic solutions.
Based on these facts, in this study an experimental approach based on the Taguchi experimental designs has been proposed to improve the uptake properties of Byrsonima crassifolia (BC) biomass using a chemical modification with citric acid for the removal of heavy metals under competitive sorption conditions (i.e., when more than one metal is present in the solution). BC, better known as nance or nanche, is a native fruit from southern Mexico and other countries from America (Perez-Gutierrez et al. 2010) . This fruit has been traditionally used for preparing carbonated and fermented beverages including liquors. Additional commercial products obtained from its tree include edible fats and astringent bark infusion for medical treatment of diarrhea, pulmonary complaints, leucorrhea and anti-diabetic agents (Perez-Gutierrez et al. 2010) . In Mexico, the consumption of this fruit has increased due to its versatility in food industry and its potential applications in medical treatments (Medina-Torres et al. 2004) . Until now, the wastes of this biomass have not been used for the preparation of value-added products for environmental applications. Therefore, the metal sorption properties of the endocarp of this fruit have been studied using a chemical treatment with citric acid. In particular, binary metal solutions of nickel (Ni 2? ) and cadmium (Cd 2? ) ions have been selected as cases of study because these metals showed a strong antagonistic sorption. Furthermore, these heavy metals are found in the wastewaters from microelectronics and electroplating industries and can be considered relevant water pollutants (Volesky 2001; Srivastava et al. 2007 Srivastava et al. , 2008 . In summary, results of this study showed that it is feasible to improve the removal performance of this biomass in multi-metallic systems reducing the competitive sorption effects between metal ions in metal-metal solutions and improving the metal sorption selectivity. Finally, the proposed methodology is a general approach and can be used to increase the sorption properties of lignocellulosic biomasses via chemical treatments for the removal of toxic pollutants from multicomponent solutions. This study has been performed at Water Engineering 
Materials and methods

BC biomass description
Fresh fruits of BC were collected at Colima, Mexico. Endocarp of this fruit is a hard stone and has been used as a raw material for the surface chemical treatment using citric acid, see Fig. 1a . The pulp of fruit was removed manually, the endocarp without the embryos was washed with deionized water at 50°C until it was completely free of waste pulp, and, finally, this biomass was dried. BC endocarp samples were crushed and sieved to retain particles with a mean size of 0.5 mm. SEM/EDX analyses of raw BC samples were performed to determine their superficial composition and morphology. An electron microscope DSM-942 (Zeiss) equipped with an EDX analyzer was used in this stage. On the other hand, FT-IR spectroscopy analysis was performed for identifying the functional groups of BC endocarp samples employing a Thermo Scientific Nicolet 6700 FT-IR spectrometer, while X-ray diffraction analysis of raw biomass was performed using a Siemens D500 X-ray diffractometer. Finally, the acidic sites on both raw and modified-endocarp samples were determined by the acid-base titration method using 0.1 M NaOH and HCl solutions. Chemical modification of BC biomass using citric acid A chemical modification treatment was used to improve the sorption properties of BC endocarp samples. In particular, the methodology used in this study was performed according to the procedures reported by Marshall et al. (1999) and Leyva-Ramos et al. (2012) . Figure 2 shows the main steps of this chemical treatment. Specifically, 5 g of BC endocarp was mixed with 25 mL of citric acid solution with a specified concentration. The BC biomass/acid mixture was stirred for 2 h at 60°C. Then, the mixture was allowed to cool and drained to separate the biomass, and the remaining liquid was discarded. This biomass was dried at 50°C for 24 h, and finally, the temperature of the oven was increased up to a target value, and this temperature was maintained constant during a specific heating time.
Modified-biomass samples were cooled and washed with deionized water until constant pH and dried before they were used for the removal experiments of heavy metals. Preliminary experiments were performed to identify those variables of the chemical treatment with the highest effect on the sorption properties of treated biomass. These variables correspond to: (1) the citric acid concentration, (2) the heating time and (3) the temperature of thermal treatment. Five experimental levels were studied for each operating variable of the chemical treatment, and the modified-BC samples were prepared according to a Taguchi experimental design (i.e., an orthogonal array L 25 ) given in Table 1 . With this experimental design, the BC endocarp was allowed to react with the citric acid at different operating conditions, and 25 experimental treatments were performed for the chemical modification process. These modified-biomass samples were prepared and used for performing the sorption experiments. The response variables of the experimental design were the sorption capacities using both mono-and bi-metallic solutions of were used for sorption experiments. These solutions were prepared using deionized water and nitrate salts of Cd 2?
(J.T. Baker) and Ni 2? (Sigma Aldrich). In single metal experiments, solution concentrations ranged from 25 to 100 mg/L. On the other hand, Cd 2? -Ni 2? binary solutions were prepared with different initial contents of both metals, i.e., 25-25, 25-50, …, 100-100 mg/L. In fact, 16 binary metal solutions were used in sorption experiments employing raw and modified-BC samples. Sorption experiments were performed using a biomass/solution ratio of 15 g/L at 30°C and pH 5. Equilibrium time for sorption experiments using both single and binary metal solutions was 24 h. Metal concentrations were quantified using the atomic absorption spectroscopy technique. In particular, a PerkinElmer AAnalyst 100 atomic absorption spectrometer was employed. All experiments were conducted in duplicate, and the mean value was used for data analysis of the experimental design. Metal uptakes were calculated from the removal experiments using a mass balance.
where q e,i is the sorption capacity of BC sample for metal ion i, [M 2? ] 0 is the initial concentration of metal ion i in the solution, [M 2? ] e is the equilibrium concentration of metal i in the solution after sorption process, V and m are the volume of metal solution (single or binary) and the mass amount of BC sample used in sorption experiments, respectively.
Data analysis of the experimental design for improving the sorption properties of modified-BC samples
The analysis of metal removal data was performed using a variance analysis of the L 25 experimental design with the signal-to-noise ratio (S/N). This S/N ratio was used to identify the best operating conditions of the chemical treatment for improving the removal performance of modified-biomass samples. The S/N ratio is defined as.
The solid sample was separated from liquid phase by decantation where n rep is the number of replicates of an experiment (i.e., n rep = 2 for this study) and x i is the quality characteristic obtained in the experimental design and used to calculate the S/N ratio. The statistical analysis was performed using the results from sorption experiments with both single and binary metal solutions. In single metallic solutions, the S/N ratio analysis was performed using the equilibrium sorption capacity (i.e., x i = q e,i ) of both metals Cd 2? and Ni 2? employing solutions with an initial concentration of 100 mg/L. For the case of binary systems, the S/N ratio was calculated using the relationship of sorption capacities (R q,i ). is the equilibrium sorption capacity of metal i using a binary solution of metals A ? B, q e;i is the equilibrium sorption capacity of the metal i using a monocomponent solution with the same initial concentration of the binary metal solution, respectively. The values of R q,i are used to identify the presence of antagonistic or synergistic sorption effects in multi-component solutions (Reynel-Avila et al. 2011) . Based on the fact that Cd 2? and Ni 2? ions showed a competitive sorption in binary solutions, it is expected that the values of R q,i \ 1.0 for both metals because the removal performance of the sorbent for each metal ion is lower in binary solution than those obtained for the mono-metallic solution at the same operating conditions (i.e., initial metal concentration, sorbent dosage, pH and temperature). To improve the sorption properties of the modified-biomass samples, the desirable performance of the sorbent on the simultaneous removal of heavy metals is that R q,i ? 1.0. This condition implies that the uptakes of each metal ion should increase individually, and, at the same time, the antagonistic sorption between the two metallic ions should also decrease. It is clear that this is the ideal condition for improving the multicomponent removal performance of modified-biomass samples. Therefore, the results of Taguchi experimental design have been analyzed using the ''higher-is-better'' quality characteristic to identify the effect of the chemical treatment on the sorption of both heavy metals in single and binary solutions using modified-BC samples. Herein, it is convenient to recall that several binary solutions with different initial concentrations of both co-ions were used for testing the removal efficacy of treated-biomass samples. So, the following metric was used to calculate the S/N ratio for the analysis of sorption data in binary systems.
where n sol = 4 is the number of binary solutions used in removal experiments with a constant initial concentration of the co-ion (i.e., Cd 2? or Ni 2? ) and R qT,i is a parameter used to integrate the overall removal performance of chemically treated-biomass samples in binary metal systems. Note that this parameter is used to consider the effect of co-ion concentration on the data analysis of the chemical modification procedure. In summary, the statistical analysis of binary removal experiments was performed using x i = R qT,i for the calculation of S/N ratio.
Finally, the variance analysis on the S/N ratios was performed using the next equations.
where n dat is the total number of experimental data, n Fi is the number of observations under the level i, F i is obtained from the sum of observations under the level i, T t is the sum of all observations, y i is the value of the S/N ratio, SS T is the total sum of squares, k F is the number of levels of factor F, v F is the degrees of freedom of factor F (i.e., k F -1), r F is the variance for factor F and SS F is the sum of squares for factor F, respectively. Statistical analysis was performed using Excel solver Ò , and the best operating conditions of the chemical treatment using citric acid were identified for obtaining q e,i : and R qT,i : for both metallic ions in single and binary solutions.
Finally, the sorption selectivity (S A/B ) of tested heavy metals on treated-biomass samples in binary solutions was also calculated and used for sorption data analysis. where q e,i is given in mmol/g. This parameter has been used to identify the affinity of the modified-biomass samples for a specific pollutant in the binary metal solution.
Results and discussion
Results of the chemical modification of BC biomass surface and its removal performance Table 1 shows the results obtained using the modified-BC samples prepared with the Taguchi experimental design L 25 and the single metal solutions. Raw BC biomass showed maximum metal sorption capacities of 1.71 and 0.95 mg/g for Cd 2? and Ni 2? ions at 30°C and pH 5, respectively. However, the modified samples showed better sorption capacities than the raw BC biomass. Specifically, the sorption properties of treated-BC samples may increase up to 81.0 and 158.0 % for Cd 2? and Ni 2? ions in single metal solutions. As expected, all modified-BC samples showed different metal uptakes depending on the conditions used for the chemical modification process. On the other hand, the multicomponent sorption capacities of both raw and modified-BC samples in binary solutions were lower than those obtained in the single metal solution with the same initial concentration, see results reported in Table 1 . In fact, the metal removal performance of all treated-biomass samples decreased when the initial co-ion concentration increased in the binary metal solution. These results confirmed that there is a competitive sorption (i.e., antagonistic sorption) in the simultaneous removal of these heavy metal ions. Note that the co-ion concentration increased the magnitude of antagonistic sorption in binary systems, see results reported in Table 1 .
With illustrative purposes, Fig. 3 shows the equilibrium metal uptakes of raw biomass and selected treated-BC samples using binary solutions. Overall, the reduction in metal uptakes in binary metal systems ranged from 7.5 to 75.0 % for Cd 2? and from 8.5 to 97.4 % for Ni 2? in all biomass samples. The calculated values of R q for tested heavy metals are \1 in all binary systems, see Fig. 4 . In particular, the performance of modified samples for Ni 2? removal is more sensitive to the operating conditions of the chemical modification using citric acid. It is convenient to remark that previous studies have reported these competitive sorption effects between these heavy metal ions using different natural and synthetic sorbents (Srivastava et al. 2007 (Srivastava et al. , 2008 (Srivastava et al. , 2009 Reynel-Avila et al. 2011) . This removal behavior is commonly attributed to the competition of co-ions for the sorption sites on the material surface.
However, it appears that the presence of Cd 2? ions in the binary solution has a major effect on the sorption of Ni (Liu et al. 2013) .
On the other hand, Fig. 5 shows the sorption selectivity obtained for different treated-biomass samples, and these results confirmed that the sorption of Cd 2? is preferred over Ni 2? in binary metal systems. Specifically, the modified-BC samples showed a greater affinity for Cd 2? ion in all sorption experiments. It is interesting to highlight that the operating conditions of the chemical modification with citric acid have a significant impact on the multicomponent removal performance of treated-biomass samples. In general, these results indicated that the reactions between citric acid and the biomass can be controlled to improve the uptake properties of BC biomass for the removal of heavy metals even under conditions of competitive sorption (i.e., simultaneous removal of several pollutants in the solution).
Statistical analysis of the S/N ratios for the chemical modification of BC using citric acid Figure 6 shows the mean S/N ratios calculated from the removal experiments using both single and binary metal solutions. In these plots, an increment in the value of S/N ratios indicates a better removal performance and the operating conditions that cause the best improvement in these ratios should be considered as the optimal conditions for the chemical treatment using citric acid. For single metallic solutions, it is clear that the metal-binding properties of treated-biomass samples increase with both the citric acid concentration and the temperature of thermal treatment. During the chemical treatment, the citric acid when heated will dehydrate to yield a reactive anhydride and this anhydride can react with the biomass introducing acidic groups on the surface of BC endocarp (Wing 1996; Marshall et al. 1999; Altun and Pehlivan 2012; LeyvaRamos et al. 2012) . Therefore, the metal uptakes of treated-BC samples are enhanced if a higher citric acid concentration is used. This improvement in the removal performance of the biomass is related to the increment on the content of acidic sites. Figure 1e shows that the content of acidic sites of all treated-BC endocarp samples is higher than that obtained for raw BC sample (i.e., 10.03 mmol/g), and the modified-biomass samples showed an increment in the total acidic sites with the citric acid concentration used in the chemical modification. The citric acid treatment may increase the quantity of acidic sites up to 11 % in the biomass. However, an acid concentration of 1.0 M is a suitable value for the chemical modification process because higher acid concentrations do not improve significantly the sorption properties of treated biomass. This citric acid concentration is consistent with results of previous studies (e.g., Marshall et al. 1999; Leyva-Ramos et al. 2012) , which have reported that an acid concentration from 0.6-1.0 M is optimum for improving the performance of lignocellulosic biomasses for the heavy metal removal. Additionally, results also show that the temperature of chemical treatment is a relevant parameter for enhancing the metal uptakes of BC endocarp. Note that the temperature increment of the chemical modification process may increase the possibility of the cross-linking between two cellulosic molecules of BC endocarp (Altun and Pehlivan 2012) . In fact, these results suggest that the reaction between citric acid and this biomass is an endothermic process. For the case of binary mixtures, the same trends for the effect of operating variables on the removal performance of modified samples were observed, see Fig. 6 . It is interesting to comment that the initial co-ion concentration does not alter the trends observed for the studied variables of the chemical modification treatment. In fact, the plots obtained for the S/N ratios at different co-ion concentrations could be considered parallels. This result is relevant from a practical point of view because the optimization of operating conditions of the chemical modification of the biomass can be performed either using mono-metallic or binary metal solutions, thus assuring that the best conditions for the treatment of biomass samples can be identified without concerning of the type of solution used in sorption experiments. However, it is important to recall that the effect of operating variables on the sorption properties of modified samples can be easily identified if binary solutions with higher co-ion concentration are employed. So, the presence of a higher content of co-ion is useful to observe and identify clearly the trends between the changes in the operating conditions of chemical modification and the metal removal performance of the treated biomass.
Statistical analysis of L 25 experimental design is reported in Table 2 . ANOVA analysis confirmed that the citric acid concentration and the temperature of thermal treatment are the main variables for improving the sorption properties of biomass samples. For the case of Ni 2? removal in binary systems, the heating time appears to be a relevant operating factor for improving the metal uptakes, see results reported in Fig. 6 and Table 2 . Based on the results of ANOVA analysis, the best operating conditions for the surface chemical modification of BC samples have been identified: a) citric acid concentration = 1.0 M, b) heating time = 60 min and c) temperature of thermal treatment = 150°C. This new treated-biomass sample (i.e., sample No. 26) was prepared, and Fig. 7 shows its removal performance including R q and S Cd/Ni . This biomass sample showed the highest metal uptakes and a balanced removal selectivity for both Ni 2? and Cd 2? ions. In fact, the antagonistic sorption effects caused by both coions are reduced significantly for this treated biomass, and there is a proper trade-off for the simultaneous removal of both metallic ions. In particular, the concentration effect of co-ion Cd 2? on the Ni 2? removal is reduced significantly (i.e., the values of R q increased), and the modified-biomass sample showed higher Ni 2? uptakes than the raw biomass and samples prepared from the experimental design L 25 . Therefore, these conditions of the chemical modification can be considered as the best conditions for improving the removal performance of BC endocarp.
Finally, the binary sorption data of the best modified sample were modeled using the non-modified Langmuir, extended Langmuir and non-modified Sips isotherm models. Results of data fitting and the parameters of tested models are reported in Table 3 . In general, non-modified Sips model offers the best performance for fitting sorption data obtained in this study.
Characterization of raw and modified-biomass samples and the mechanism involved in the sorption of heavy metals from aqueous solution BC endocarp is a lignocellulosic biomass mainly constituted by natural polymers, and its composition includes: cellulose (42.4 %), hemicellulose (10.5 %), lignin (36.7 %) and soluble compounds (10.3 %). These organic constituents have functional groups (e.g., carboxyl, hydroxyl, phenolic), which have been recognized to participate in heavy metal removal from water (Lu et al. 2009 ). With illustrative purposes, Fig. 1b, c show the SEM images and results of EDX analysis of BC endocarp samples. EDX analysis indicated the presence of carbon, oxygen and calcium as the main elements of the biomass composition, while X-ray diffraction pattern of BC endocarp confirmed the presence of hydrated calcium oxalate in this lignocellulosic material (see Fig. 1d ).
FT-IR spectra of raw and selected modified-biomass samples are reported in Fig. 1f . These spectra confirmed the presence of the well-known functional groups of lignocellulosic biomasses. Specifically, FTIR spectra of raw and modified biomass are similar in the fingerprint region of 4,000-700 cm -1 . All samples showed the characteristic band of the O-H vibrations of hydroxyl groups at *3,400 cm -1 , which is related to alcohols, phenols and carboxylic acids of cellulose and lignin (Iqbal et al. 2009 ). The band located at *2,900 cm -1 can be assigned to the C-H stretching of aromatic hydrocarbons, while the peak at 1,735 cm -1 corresponds to the C=O stretching vibrations of carbonyl groups (Leyva-Ramos et al. 2012) . The C=C stretching bands for aromatic rings are located at 1,600 and 1,500 cm -1 and the peak located at *1,035 cm -1 corresponds to the C-O stretching band, which is associated to the natural polymer content of the BC endocarp (Zhu et al. 2008; Leyva-Ramos et al. 2012; Sena Neto et al. 2013 ). In addition, FT-IR spectra showed the bands corresponding to the hydrated calcium oxalate. Specifically, the peaks for the asymmetric and symmetric stretch of the coordinated water molecules are exhibited above 3,400 cm -1 , the out-ofplane bending mode of water at 781 cm -1 , and the O-C-O in-plane bending mode at 518 cm -1 . The main antisymmetric carbonyl stretching band (COO-) specific to the oxalate family occurs at 1,618 cm -1 , while the secondary carbonyl stretching band, the metal-carboxylate stretch (Ouyang et al. 2003) . For treated-biomass samples, the increase in the carbonyl (C=O) vibration absorbance (1,730-1,750 cm -1 ) and the broad adsorption peaks in the hydroxyl (O-H) stretching band (3,430-3,440 cm -1 ) are associated with the citric acid esterification (Zhu et al. 2008; Altun and Pehlivan 2012) . These results confirmed that the citric acid chemical modification introduces additional acidic groups to the BC endocarp samples, and, consequently, it increased the metal-binding capacities of these materials. In addition, this chemical treatment may increase the accessibility and the degree of protonation of functional groups on the biomass (Sajab et al. 2011) .
In particular, the phenolic, carboxylic and hydroxyl groups of lignocellulosic biomasses may interact with heavy metal ions via the next reactions (Garcia-Reyes et al. 2009; Tan et al. 2010; Leyva-Ramos et al. 2012) .
where M 2? corresponds to the heavy metal ion involved in the removal process and S represents the biomass surface. Herein, it is convenient to remark that the speciation diagrams for metal solutions at tested experimental conditions were calculated using the software MINTEQA2, which showed that free Cd 2? and Ni 2? ions were the predominant species at pH 5. The removal mechanism given by Eqs. (9)- (11) is consistent with the results of FT-IR spectra where those samples with more acidic sites showed a better sorption performance. Note that the results of this study showed that the solution pH decreased in all removal experiments during the sorption of both heavy metals with modified-biomass samples. Therefore, the reduction in pH could be attributed to the release of H ? from biomass surface during the metal ion exchange mechanism. Additionally, an ionic exchange involving Ca 2? ions could also occur during the heavy metal removal. 
This exchange process involved in the metal uptake has been documented for others biomasses containing pectin and hemi-celluloses, which show carboxyl groups linked together by calcium bridges (Garcia-Reyes et al. 2009; Iqbal et al. 2009 ). As stated, EDX analysis indicated that a significant content of calcium is present in BC endocarp, and results showed that Ca 2? was released during the heavy metal removal using raw and treated-biomass samples. In summary, the mechanism for the sorption of heavy metals using modified-biomass samples could be an ion exchange process where both the interactions with phenolic, carboxylic and hydroxyl groups of the sorbent surface and the replacement of Ca 2? may be involved.
Conclusion
Sorption properties of BC biomass for heavy metal removal from water have been studied using a surface chemical modification process using citric acid. In particular, the sorption capacities and selectivity for the uptake of Cd 2? and Ni 2? ions in both single and binary metal solutions have been improved and optimized using a statistical analysis based on the S/N ratios. A special attention has been given to reduce the competitive sorption effects caused by Cd 2? ions on the Ni 2? removal using modifiedbiomass samples in binary systems. Results indicated that it is feasible to improve the uptakes of these metal ions in both types of solutions and thus reducing the competitive sorption and increasing the metal selectivity during the simultaneous removal of Cd 2? and Ni 2? . In particular, binary solutions with high co-ion concentrations are useful to identity the trends and effect of the operating variables of the chemical modification process on the sorption properties of this biomass. The improved metal sorption properties are mainly associated with an increment in the oxygenated functional groups on the biomass surface caused by the acid treatment. The proposed methodology can be extended for development selective sorbents for the treatment and purification of wastewaters polluted by several compounds.
